Histone deacetylase-2 (HDAC2) is a member of a large family of enzymes that alter gene expression by catalyzing the removal of acetyl groups from core histones. Originally isolated as a transcriptional corepressor, HDAC2 possesses extensive amino acid sequence homology to HDAC1 (the founding member and most extensively studied HDAC enzyme). Because of this high degree of sequence similarity between HDAC1 and HDAC2, coupled with the fact that the two always co-exist in the same complexes, it is difficult to assess whether different properties exist between these two proteins. Here, we report that similar to HDAC1, HDAC2 is a phosphoprotein. In addition, like HDAC1, the phospho-acceptor sites in HDAC2 are located in the C-terminal portion of the protein.
GCN5 (6) . Subsequently, over twenty proteins, including some very well characterized transcription activators and co-activators, were found to contain histone acetylating activities (reviewed in refs. [7] [8] [9] [10] . Each of these HATs may have a particular histone substrate specificity, and different HATs are specific with regard to which histone amino acids they will acetylate.
Moreover, some "histone" acetyltransferases have a wide range of protein substrates in addition to histones.
Equally swift and significant advances have been made in the last six years toward identification of histone deacetylase (HDAC) enzymes. The first HDAC, HDAC1, was purified and cloned by Schreiber and colleagues using a trapoxin affinity matrix (11) . Sequence analysis revealed that HDAC1 is related to the yeast protein RPD3. At the same time, a second human histone deacetylase protein, HDAC2, also with high homology to yeast RPD3, was identified in our laboratory based on a yeast two-hybrid screen with the YY1 transcription factor as bait (12) .
Human HDAC1 is highly homologous to the human HDAC2 protein with 75% identity in DNA sequence and 85% identity in protein sequence. HDAC1 and HDAC2 exist together in at least three distinct multi-protein complexes called the Sin3, the NuRD/NRD/Mi2, and the CoREST complexes (13) (14) (15) (16) (17) (18) (19) (20) (21) . In addition, many transcription factors interact directly with HDAC1/2 and thus may target HDAC1/2 to specific promoters (17, 22) . Detailed analyses of the HDAC1/2 complexes revealed an unprecedented connection between deacetylation, DNA methylation, and chromatin remodeling. Many observations suggest that the function of the class II HDACs is tightly regulated by phosphorylation. For example, the 14-3-3 proteins negatively regulate the actions of HDAC4 by excluding it from the nucleus (26, 27), and calcium/calmodulin-dependent protein kinase (CaMK) signaling induces nuclear export of HDAC4 and HDAC5 by phosphorylating these proteins (28).
In contrast, activation of the Ras-MAPK pathway by expression of Ras or constitutively active MAPK/ERK kinase 1 increases the nuclear:cytoplasmic ratio of HDAC4 (29). Recently, it was reported that like many class II HDACs, HDAC1 (the prototype HDAC), is also a phosphoprotein (30, 31).
Because HDAC2 typically co-exists in the same protein complexes as HDAC1 and plays a crucial role in gene regulation, a complete picture of how phosphorylation may regulate HDACs requires that HDAC2 kinases be identified and the functional consequences of HDAC2 phosphorylation clearly determined. Here, we report that HDAC2 is phosphorylated at the Cterminal portion of the protein exclusively at serine residues. Mutational analysis revealed that Western blot analysis --Proteins were transferred from SDS-polyacrylamide gels onto PVDF membranes. After blocking with 4% nonfat dried milk, the membranes were treated with diluted primary antibodies followed by 1:7500 diluted alkaline phosphatase-conjugated rabbit antimouse IgG (Promega). Subsequently, the blots were developed with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Promega). 
RESULTS

HDAC2 is phosphorylated at serine residues in vivo --To determine if HDAC2 is subject
to phosphorylation modification, we prepared an extract from metabolically 32 P-labeled HeLa cells, immunoprecipitated the endogenous HDAC2 protein, and resolved the product on an SDSpolyacrylamide gel. As a negative control, a mock immunoprecipitation was carried out side-byside with the same labeled extract. As shown in Fig. 1A , HDAC2 is radioactively labeled by inorganic phosphate indicating that the protein is constitutively phosphorylated in vivo.
Using partial acid hydrolysis in HCl followed by two-dimensional thin layer electrophoresis of the labeled phosphoamino acid, the presence of phosphoserine but not phosphothreonine or phosphotyrosine were unambiguously identified in HDAC2 (Fig. 1B) . Sequence analysis reveals that the only potential phosphorylation site located between 380-400 of HDAC2 is Ser 394 (Fig. 2C ). To confirm that Ser 394 is indeed a phosphorylation site, we tested the ability of the mutant 1-398 (S394A) to be phosphorylated. Our results showed that 1-398 (S394A) cannot be phosphorylated in vivo (Fig 2A, lanes 5 and 7; Fig. 2B ), unequivocally demonstrating that Ser 394 of HDAC2 is a phosphoacceptor site.
Phosphorylation sites in HDAC2 include
To determine if additional phosphoserines are present in HDAC2, we repeated the transfection, labeling, and immunoprecipitation with a full-length HDAC2 expression construct mutated in Ser 394 . As shown in Fig. 2A (lanes 8 and 12) HDACs, and, interestingly, GST-HDAC1 and GST-HDAC3 but not GST-HDAC8 were phosphorylated in similar fashions (lanes 2, 4, 5).
Intriguingly, we found that PKA does not phosphorylate GST-HDAC2 or GST-HDAC3 in vitro, although it efficiently phosphorylated GST-HDAC1 and GST-HDAC8 (Fig. 2B) .
Furthermore, PKC did not phosphorylate any class I HDACs under the same condition (data not shown). In addition to consensus sequences for CK2, PKA, and PKC, residues 380-488 of HDAC2 contains recognition motifs for PKG in Ser 407 and Thr 454 . As predicted, GST-HDAC2
was not phosphorylated by PKG in vitro (Fig. 3C, lane 3) confirming that Ser 407 is not a phosphorylation site in vivo ( Fig. 2A) and that HDAC2 is phosphorylated exclusively at serine residues (Fig. 1B) . Like GST-HDAC2, GST-HDAC3 and GST-HDAC8 were not substrates for PKG (Fig. 3C, lanes 4 and 5) . However, unlike GST-HDAC2, GST-HDAC1 is phosphorylated by PKG (lane 2). Further experiments using FLAG-HDAC2 and FLAG-1-488 (S394/422/424A) expressed and purified from bacteria conclusively confirmed that HDAC2 is a substrate for CK2 in vitro (Fig. 3D) To confirm that CK2 is the major protein kinase and not just one of many kinases that phosphorylate HDAC2, we used a total HeLa cell lysate to phosphorylate purified HDAC2 in the presence or absence of specific CK2 inhibitors, apigenin and DRB. Results presented in Fig. 4A and 4B clearly showed that phosphorylation of HDAC2 was markedly reduced in the presence of CK2 inhibitors arguing that CK2 is the major and perhaps sole kinase responsible for phosphorylation of HDAC2. One of the unique features of CK2 among eukaryotic protein kinases is that CK2 can use both ATP and GTP as phosphoryl donors. Consistent with the observation that CK2 is the major kinase for HDAC2, we found that phosphorylation of HDAC2 by a total cell lysate was equally efficient using either ATP or GTP as phosphoryl donors (Fig. 4B) .
Phosphorylation of HDAC2 may affect its enzymatic but not transcriptional activity --
HDAC2 was originally identified as a transcriptional corepressor (12) . Early studies showed that a Gal4-HDAC2 fusion repressed transcription when targeted to promoters containing Gal4 binding sites (12) . Our findings that HDAC2 is modified by phosphorylation raise the important question of whether phosphorylation modulates the transcriptional activity of HDAC2 in the cell. To address this issue, we constructed plasmids that expressed Gal4-1-488 (S394A) and Gal4-1-488 (S394/411/422/424A), and transfected them into cells together with a reporter containing Gal4-binding sites. Surprisingly, both of these Gal4 fusion mutant proteins repress transcription similar to wildtype Gal4-HDAC2 suggesting that phosphorylation of HDAC2 is not important for transcriptional repression (Fig. 5A) . Consistent with this observation, a Gal4-1-380 fusion protein that can no longer be phosphorylated in vivo retained full repression activity (Fig. 5A ).
To determine if phosphorylation influences HDAC2 enzymatic activity, we expressed various FLAG-HDAC2 mutants, immunoprecipitated the proteins with anti-FLAG antibody, and tested their abilities to deacetylate core histones. As shown in Fig. 5B , histone deacetylase activity of HDAC2 is strictly correlated with its ability to be phosphorylated in vivo. 1-488 (S394A), which is phosphorylated slightly less than wildtype HDAC2 (1-488), had slightly less enzymatic activity. is a remarkable conservation between the HDAC1 and HDAC2 proteins, and that the similar residues of HDAC1 and HDAC2 may be targeted for phosphorylation, the kinases and the mechanisms of phosphorylation may differ between these two different class I enzymes.
CK2 is a serine/threonine protein kinase ubiquitously distributed in both the cytoplasm and nucleus of eukaryotic cells (38) . It has been implicated in the regulation of many cellular processes, disrupts interaction with mSin3 and Mi2, but only modestly affects formation of HDAC1/2 complex, suggest that the HDAC2-interacting domain is probably similar for mSin3 and Mi2 but distinct from HDAC1. Also, it is conceivable that phosphorylation of HDAC2 alters its structural conformation to favor interaction with some cellular proteins, such as mSin3 and Mi2, but has no influence on its interaction with other proteins. In future work, it will be important to determine whether phosphorylation of HDAC2 alters its interaction with other proteins in addition to Mi2 and mSin3.
Perhaps the most interesting finding from this current study is that in addition to HDAC1
and HDAC2, we have found that the remaining class I enzymes, HDAC3 and HDAC8, can also be phosphorylated in vitro. While CK2, but not PKA or PKG, phosphorylates HDAC3, HDAC8 is phosphorylated by PKA, but not CK2 or PKG. Since the C-terminal domains in HDAC1 and HDAC2 are not conserved in HDAC3 or HDAC8, it is obvious that the phosphorylation sites in HDAC3/8 are different from those in HDAC1/2. We believe a next step in elucidating how posttranslational modification regulates class I HDACs is to determine if HDAC3 and HDAC8 are phosphorylated in vivo, and if so, which residues are involved and what kinase(s) is responsible.
Current studies in our laboratory are focused upon these important issues. B, HeLa cells were transfected with various constructs expressing FLAG-HDAC2, as indicated, and FLAG-immunoprecipitates were assayed for histone deacetylase activity. Each experiment was performed in triplicate and data shown are the mean ± SD. Figure 5B 
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